A multiscale formulation is derived for the mechanics of a dilute fiber network microstructure, as occurs in in vitro reconstituted collagen gels, to accommodate the deterministic solution of a uniform-stress condition in the fiber network. The macroscale two-phase equations are derived based on the integral volume-averaging approach of the spatial averaging theorem, modified for the averaging volume to deform materially in the solid phase and thereby ensuring consistent network mass conservation. For low-Reynolds-number fiber-fluid interaction with no hydrodynamic interaction between fibers, the macroscale Darcy law arises naturally as a function of average fiber orientation and volume fraction, with no additional empirical specification. The macroscale equations are solved using finite element analysis with the averaging volumes centered at Gauss points of integration. The macroscale solid stress and fluid velocity are obtained by microscale deterministic solution of network and Stokesian mechanics within the averaging volume at each Gauss point, whereas the macroscale displacements and fluid pressure are solved as interpolated finite element field variables. The theory when applied to describe confined compression of collagen gels reproduced the strain-rate dependent behavior observed in poroelastic materials. The deformation of the averaging region and the reorientation of the collagen network in response to strain are also discussed.
Introduction.
The collagen gel is a hydrated matrix of interconnected collagen fibers, reconstituted from a cold solution of acid-solubilized collagen monomers upon neutralization at physiological temperature [1, 2] . Due to its physiological nature, the collagen gel is extensively studied as an in vitro model for soft-tissue mechanics [3, 4] , for cell-extracellular matrix interactions [5, 6, 7, 8] , and as a scaffold for tissue engineering [9] . Understanding its intrinsic mechanics from a microstructural perspective is important for all of these studies [10] . Chandran and Barocas [11] recorded the microstructural rearrangements during confined compression by interpreting the evolution of birefringence patterns within the gel. The patterns suggested that strain was transmitted by fiber rotation at interconnections and was nonuniform due to fluid permeation resistance, indicating the macroscale gel mechanics to arise from elastic interactions between the solid-phase fibers and viscous interactions with fluid. Similar behavior has been reported in articular cartilage [12, 13] and other soft tissues [14] .
Two main theories have been used to model soft-tissue biphasic mechanics: mixture and volume-averaging theory. Originally derived for porous media, they differ mainly in the conception of the microstructure. Mixture theory assumes the different phases to be immiscible and simultaneously occupying any point in space [12, 13, 15] . Consequently, the addition of a new phase does not change the intrinsic properties of an existing phase, and the effective properties at a point are governed by the mixture law, the volume-fraction-weighted sum of the individual phase properties [16] . Averaging theory starts with the integral form of the conservations laws for a multiphase volume [17, 18] and systematically converts the average of the integral form into a differential form of averaged and fluctuation quantities using Reynolds's transport theorem and the Gauss theorem [19, 20, 21, 22] . Though the theories start from different bases, they arrive at nearly equivalent equations and require constitutive assumptions for closure. For instance, mixture theory requires constitutive assumptions that permit fluid-solid interaction to be described as a body force term [23] , and any naturally arising effect such as the nonlinear strain dependence of permeability must be explicitly described in the constitutive model.
For a networked material, a constitutive model that captures the kinematics of the interacting fiber microstructure is not yet known. We previously [24] concluded that the network material cannot be modeled as a dispersion, a noninteracting solid phase distributed in a continuous matrix (fluid) phase. The network mechanics must be analyzed deterministically by explicitly balancing forces at the fiber interconnections, which include both forces from neighboring fibers and from viscous drag. In this paper, we derive the three-dimensional multiscale formulation for a deterministically solved dilute hydrated microstructure as an extension of ideas presented in our monophasic model [25] . In that work we derived the two-dimensional multiscale equations of a networked material with no mechanical contribution from the fluid phase. The work was extended to three dimensions and applied to study the mechanics of collagen gels [26] , electrospun fiber meshes [27] , and arterial walls [28] . The key ideas used in deriving the single-phase, multiscale network model, which will also be applied here, were as follows:
1. rewriting conservation equations for microscale variables in terms of macroscale variables (microscale variables vary along the scale of the microstructure, whereas macroscale variables vary along a larger scale and are obtained as local averages of microscale variables); 2. requiring the averaging region to be material in the macroscale solid displacement field so that, on average, no solid-phase network material enters or leaves the averaging region; 3. solving the macroscale equations by the finite element (FE) method, requiring microscale information only at the averaging volume around the Gauss points of integration;
4. simulating the microstructure within an averaging region by a representative, computer-generated fiber network and determining macroscale constitutive behavior by directly solving the microscale mechanics problem.
2.
Nomenclature. An indicial notation scheme similar to that described in [25, 26] is used here. Briefly, the Einstein scheme of representing summation by repeated indices and differentiation by comma-separated indices is used. Microscale variables, i.e., quantities varying on the scale of the microstructure, are represented by lower-case letters. Macroscale variables, varying at the scale of the FE problem, are represented by upper-case letters. An upper-case index following a comma indicates differentiation on the macroscale.
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Consider an averaging volume consisting of two phases β and γ. Volumes, surfaces, and normals are indicated by a, Γ, and n respectively. Superscripts indicate that the variable is specific to a particular phase. For instance a represents the volume of the averaging region, whereas a β represents the volume of the β phase within a. Similarly Γ a represents the surface bounding the averaging volume, and Γ β represents the surface bounding the β phase in a. Double superscripts indicate an interface common to two phases/regions. The variables used throughout the paper are 
Macroscale variables.
When a microscale variable exists only in one phase, the corresponding macroscale or averaged variable can be described as phaseaveraged or intrinsically phase-averaged depending on whether the microscale variable is averaged over the entire averaging volume or over its phase volume within the averaging region. If β and γ are two phases within the averaging volume a, and g β is a microscale variable defined only on the phase β, then the phase-averaged macroscale variable G β and the intrinsically phase-averaged G β are defined as
The phase average is conveniently incorporated into the balance equations and boundary conditions and is the macroscale quantity usually measured in experiments. The intrinsic phase average is more representative of the conditions within the phase and, unlike the phase-average, is equal to g when the microscale variable is constant within phase β [30] . It is noted that since g β is zero on the γ phase,
Gradient of macroscale variables.
Rewriting microscale conservation equations for macroscale-averaged quantities requires determining the gradients of the macroscale-averaged quantities. Recasting them in terms of macroscale variables requires gradients of the macroscale variables. Considering the gradient of the phaseaveraged macroscale variable G β ,
, the averaging volume a is a function of position since it is defined as material in the macroscale displacement field. The β phase volume within the averaging region, a β , also varies as a function of position since the microstructure is heterogeneous. Finally, the microscale phase variable g β is a function of the microscale position as g β is lost, created, or transferred to the other phase.
Two theorems are used to evaluate (3.4), the spatial averaging theorem [17, 22, 29] and the Leibnitz theorem. The spatial averaging theorem gives the microscale gradient for a multiphase but spatially constant averaging volume. The Leibnitz theorem gives the microscale gradient for a single-phase but spatially varying averaging volume.
Spatial averaging theorem. The spatial averaging theorem gives the gradient of a phase-averaged variable G β for a constant averaging volume (see Figure 3 .1),
where n βγ is the normal to the β surface, where it intersects with the γ phase. Equation (3.5) results from two applications of Gauss's theorem and constancy of the averaging volume [17, 22] . Leibnitz theorem. For a single-phase material, the Leibnitz theorem gives the macroscale gradient of an integral over a spatially varying volume as
where u is the displacement of the averaging volume surface, which, being material, is given by the macroscale displacement field. In this section, superscripts are not used because there is only one phase (e.g., g β = g). The second term on the right-hand side (RHS) accounts for correlations in the boundary displacement and surface values of g. For instance, if the boundary values of g were higher at parts of the surface where the outward displacement was greater, then the net influx of g would be greater than if the boundary displacement and the surface g values were uncorrelated. Writing (3.6) for a single-phase average gives
where G is the averaged quantity and is moved into the integral for convenience. The second RHS term incorporates the derivative of (1/a). Similar to the correlation term of the previous equation, it accounts for correlated fluctuations in the boundary g field (g − G) and the boundary displacement field u k,I . It goes to zero if the averaging volume is spatially constant (u k,I = 0), if the g field is homogeneous (g − G = 0), or if the two fields are uncorrelated.
Gradient of a phase-averaged variable. The Leibnitz theorem is equivalent to a differentiation by parts where the first term of the RHS is with constant integration volume and the second term is with constant distribution of g β . For a two-phase medium, the first term of the RHS with constant volume can be expanded using the spatial averaging theorem, giving the macroscale gradient for a phase-averaged macroscale variable as
Gradient of an intrinsically phase-averaged variable. By (3.1) and (3.2), the interconversion between the gradient of a phase-averaged and intrinsically phase-averaged variable is given as
where
a is the macroscale volume fraction of phase β. Therefore,
In the third RHS term of (3.8) and (3.10), the integration is over the surface of the averaging volume but is nonzero only at the interface with β phase. The second RHS term of (3.8) did not appear in the earlier formulation [25] because only one phase was involved. Summarizing, the gradient of the macroscale variables, G β and G β , within a material averaging region is governed by three factors:
1. the gradient of g β within the β phase in the averaging region, 2. the flux of g β into the β phase from the γ phase, 3. a correction to the flux of g β at the averaging surface due to correlations between the nonhomogeneous surface deformation and the nonhomogeneous distribution of g β .
In the following sections, (3.8) is used to derive the macroscale fluid and solid conservation equations for a material with hydrated network microstructure.
Characteristics and assumptions of biphasic formulation.
The following assumptions are made in deriving the averaged equations:
1. The averaging volume is material. 2. Deformation within the averaging volume is not affected by poroelasticity, i.e., by microscale pressure gradients.
3. Solid-phase kinematics are given by the deterministic network solution. 4. Microscale solid-phase pressure equals the surrounding pore pressure. 5. The fluid phase is incompressible and Newtonian. 6. The microscale fluid phase is in creeping-flow limit. 7. Microscale viscous stress is negligible, except for drag on the solid. 8. Microscale fluid pressure (pore pressure) is nearly uniform within the averaging volume.
9. Macroscale pressure and velocity are intrinsically phase-averaged. 10. Macroscale stress and volume fraction are phase-averaged. Specifying the averaging volume as material permits consistent tracking of the deforming network microstructure. Within an averaging volume, pressure variations are on the scale of the microstructure and assumed small compared to the average pore pressure. Therefore, microscale network strains from microscale pressure gradients are not considered and are specified by the macroscale strain fields alone. Such a description would still capture fiber alignment in the direction of flow but only as an average network strain in that direction.
Since the microscale pressure is defined on both phases and is considered uniform everywhere within the averaging region, the macroscale phase variable is defined as intrinsically averaged. Describing the fluid velocity as intrinsically phase-averaged allows it to be incorporated naturally into the drag analysis. 
The first term in the RHS is the microscale fluid momentum balance, the second term is the momentum transferred at the interface with the solid phase, and the third term is the momentum flux from the nonhomogeneous deformation of the averaging volume.
In a collagen gel, the fluid phase is usually culture media or saline, close in rheological properties to water. Therefore, the fluid phase is assumed incompressible and Newtonian, with viscosity equal to that of water. Given the typical pore sizes (about 1 μm [31] ) and macroscale velocities (0.1 cm/sec), the Reynolds number of microscale fluid flow can be estimated as Substituting (3.12) into (3.11), the macroscale fluid momentum balance becomes
The fluid stress can be decomposed into an isotropic pressure and a viscous stress component. At the microscale, (3.14) t
At the macroscale, the viscous stress is phase-averaged, but the pressure is intrinsically phase-averaged. From (3.1) and (3.2), integrating and averaging (3.14) over the averaging volume gives
Separating (3.13) into pressure and viscous terms and collapsing terms involving the Kronecker delta,
Equation (3.16) can be simplified from the assumptions in section 3.3. The simplification of the pressure terms in the left-hand side (LHS) of (3.16) is shown first. Within the averaging volume, the microscale fluid pressure (i.e., the pore pressure) is assumed uniform, implying that P F = p F . At the fluid-fiber interface, however, a fluctuation in pressure occurs from the fluid drag on the fiber [32] . For Stokes flow around a fiber of high aspect ratio, e, the magnitude of the pressure fluctuation is proportional to 1/ln(e) [33] . Therefore, while the summed contribution of the pressure fluctuations affects pressure gradients in the macroscale, they are assumed not to affect the network strain and the pore pressure within the averaging volume due to their small magnitude. With P F the pore pressure and p F , the fluctuation at the fluid-fiber interface, the LHS of (3.16) can be written as
and taking into account that the microscale volume fraction θ F is equivalent to the phase function of [19] , equal to 1 when inside the fluid phase and 0 when inside the solid phase, the above equation is written as
The quantity in brackets in the third term of (3.17) is (3.8) for G β = Θ F , the macroscale gradient of the phase-averaged fluid volume fraction. Therefore, (3.17) simplifies to
The viscous terms in the RHS of (3.16) are simplified as follows. Due to the low viscosity of the fluid phase and the low Reynolds number involved, the microscale viscous stress in the fluid phase is neglected, except at the interface with the solid phase. The macroscale viscous stress gradient is shown to be negligible compared to the interfacial term by scaling arguments. For a Newtonian fluid, the macroscale viscous stress is the phase average of microscale velocity gradients and scales as
where μ is the dynamic viscosity, and L is the scale of the boundary value problem. The interfacial term scales as
where l is the pore size. The second step in (3.20) is derived by rewriting the microscale stress gradients in terms of microscale velocity gradients; expanding as per (3.8); neglecting the interfacial term because the fluid velocity at the fibril interface equals the solid velocity, and the surface integral of the solid-phase strain rate or the divergence of the volume rate change is zero in a material-conserving averaging volume; and assuming the correlation terms go to zero because the fluctuations of the microscale fluid velocity about the average velocity occur on a scale (the scale of the pore size) much smaller than the scale on which u k,I varies (the size of the averaging volume) and is independent of it. In (3.19) and (3.20) , l typically scales as μm, and L scales as cm. Thus, the ratio of microscale to macroscale viscous stress scales as L 2 l 2 , and the macroscale viscous stress can be neglected in (3.16) compared to the interfacial viscous stresses. Consequently, the viscous terms of (3.16) simplify to
Combining (3.18) and (3.21) gives the macroscale fluid-phase momentum balance, 
The first RHS term is the microscale solid momentum balance, the second term is the momentum transferred at the interface with the fluid phase, and the third term is the momentum flux from the nonhomogeneous deformation of the averaging volume.
At the microscale the solid phase is a nonhomogeneously deforming network. The fiber rearrangements are elastic and assumed to occur instantaneously. Inertial effects are negligible, giving the quasi-steady microscale solid-phase momentum equation as 
As was done in the fluid case, the solid stress can be decomposed into a pressure and a stress component. At the microscale,
By assumption 4 in section 3.3, microscale solid-phase pressure p S equals the fluid pore pressure p F . The solid-phase stress (s S ij ) is that obtained from deformation of the network fibers and is referred to as "strain-induced stress" in the rest of the paper. At the macroscale, pressure is again intrinsically phase-averaged, whereas total stress and strain-induced stress are phase-averaged, giving
Rewriting (3.25) in terms of pressure and strain-induced stress terms yields
The pressure terms in (3.28) can be simplified by analysis similar to (3.17)-(3.20), giving the solid-phase momentum balance as
Equation (3.29) simplifies to the macroscale momentum balance used in [25] upon neglecting momentum transferred from the fluid phase. Unlike the fluid case, the correlation terms in the solid-phase momentum balance cannot be neglected because correlations can exist between the local fiber strain (and therefore fiber stress) and the local deformation of the averaging volume.
Volume conservation.
At the macroscale, the solid-phase displacement field is represented as U S . The averaging volume at any macroscale position is assumed to be material in the macroscale displacement field. Consequently, on average, no solid-phase network enters or leaves the averaging volume:
D Dt represents the material time derivative in the solid-phase Lagrangian frame, and a = a F + a S . Using Reynolds's theorem, the derivatives of (3.30) can be written as surface integrals.
Da
Dt is given by the velocity of the averaging surface, and

F
Dt is given by the difference in microscale fluid and solid velocities at the averaging surface:
which is equivalent to (3.32)
The above equation can be written as
The RHS is the averaged macroscale fluid velocity weighted by the fluid volume within the averaging volume. While the macroscale fluid velocity at a Gauss point is obtained as the intrinsic average of the microscale fluid velocities, the macroscale solid velocity is obtained as the velocity of the averaging volume there since the macroscale solid displacement is an interpolated macroscale field. Therefore, unlike the RHS, the average of the microscale solid velocities within the averaging volume is not equal to the macroscale solid velocity weighted by the solid area, because of the inhomogeneous solid-phase distribution within the averaging area. Adding and subtracting the macroscale solid velocity V S k from the LHS and rewriting the RHS in macroscale variables gives
rearranging (3.34) we get
which in terms of volume fractions is written as
The RHS term accounts for differences between the macroscale solid-phase velocity and the average of microscale solid velocities, which can arise from two sources. First, they come from the nonhomogeneous distribution of fibers on the averaging surface, as a result of which the average microscale displacement is not equal to the displacement of the averaging volume. Second, when an interpolation function higher than bilinear is used, the average displacement gradient within the averaging region is not necessarily equal to that of its macroscale location.
Macroscale balance equations.
The total momentum conservation equation is obtained by taking (3.22) and (3.29), the macroscale solid-and fluid-phase momentum equations, canceling the equal and opposite interface terms, and noting that P S = P F = P by assumption:
The volume conservation equation is given by
Equations (3.37) and (3.38) are rewritten as
where 
where φ and ψ are the FE basis functions, and V is the volume of the FE domain.
The variables S
S , and Θ F are evaluated at the integration points of the FE solution (i.e., Gauss points) by direct solution of the microscale problem within the averaging volume there (see the next subsection).
Microscale structure and mechanics.
The averaging volume provides a statistical representation of the microstructure of the system we want to model and is called a representative volume element (RVE). In our analysis, the RVE aims to represent the collagen microstructure of tissues, and thus it consists of a threedimensional fibrillar network (see Figure 3. 2). The fibers are linked at rigid, freely rotating cross-links, and their mechanical response is governed by a fiber constitutive equation. Separate RVEs are constructed around the Gauss points of the FE solution, and the macroscopic deformation field determines the deformation of the RVE boundary through the FE basis functions. The deformation of the RVE causes the fibers to deform, and the solution of the force balance among the fibers determines the local forces developed on the RVE. The macroscopic volume-averaged stress tensor (S S ij ) is calculated at each Gauss point from the local RVE forces (see section 3.9). Finally, the solution of the macroscopic stress balance determines the equilibrium position of the tissue. The problem is nonlinear and requires iteration of the solution algorithm until convergence.
The RVEs are generated through a stochastic process [28] . Nucleation sites (seeds) are generated randomly inside a cubic space and give rise to two segments that grow in opposite directions along a randomly assigned direction. The segments grow progressively by a unit length until they collide with the RVE boundary or with another segment. In the former case, a boundary cross-link is generated, and in the latter case, collision between two segments is defined when their distance is less than a prescribed fiber diameter, and an interior cross-link is generated at the point of collision. In both cases the cross-linked segment stops growing. A fiber is defined as the line between two cross-links.
The fiber constitutive equation employed to describe the mechanical behavior of
Fig. 3.2. Model representation of tissue microstructure (RVE).
the collagen fiber is [26, 34] (3.43)
where f is the force on the fiber, E f and B are constitutive constants, A f is the fiber cross-sectional area, and is the fiber's Green strain computing as = 0.5(λ 2 − 1), where λ is the fiber stretch ratio. In the limit of small strain ( → 0), (3.43) becomes a linear elastic fiber with Young's modulus E f .
The fluid-solid interactions in the RVE are modeled based on Stokes flow around a cylinder. The drag coefficient matrix, k ij , of a collagen fiber is given by
where R ij is the direction cosine matrix, and C ij is the diagonal matrix of the principal drag coefficients. Thus, if the fiber is aligned with the direction of the flow, k ij = C ij . But since the fibers are randomly oriented, the direction cosine matrix of each fiber is calculated, and the transformation (3.44) is applied. For the calculation of C ij , the fiber is assumed to be a needle-shaped body in an unbounded medium. The drag coefficients parallel (C 11 ) and perpendicular (C 22 and C 33 ) to the fiber axis are [33] C 11 = 2πμ ln(2e) − 0.80685 ,
where e is the aspect ratio of the fiber, is the fiber segment length, and μ is the fluid viscosity.
This simple formulation assumes each fiber to be in an unbounded fluid medium. The effect of neighboring fibers is captured only, in an averaged sense, by the areafraction dependence of fluid velocity. Since a dilute system is assumed, an Einsteinianlike inclusion of neighboring-fiber effect via the viscosity is not considered.
3.9.
Calculation of macroscale variables from microscale structure and mechanics. Macroscale solid strain induced stress. The averaged strain-induced stress, S S ij , is computed from the local RVE forces. The calculation of S S ij has been discussed in our earlier publications [26, 28] and is given by
where the summation is over the boundary cross-links, x i is the position of the boundary cross-link, f is the fiber force calculated by (3.43), and η is a scaling factor. For a cube of side L RV E and η = 1, (3.46) may be rewritten as
represents the fraction of the cube over which the force is contributing to the average, and
RV E
represents the average stress on a side of area L 2 RV E due to the force f i .
Macroscale fluid velocity. The RHS of the macroscale fluid momentum balance (3.22) is the drag force due to fluid-solid interactions. Therefore, (3.22) can be rewritten as
where the summation is over the fibers in the RVE. Rearranging (3.47) yields
) is Darcy's law with an additional term, d i , arising from the nonhomogeneous fiber network deformation within the averaging region. Equation (3.47) is solved along with the microscale fiber force balance at each RVE, and the macroscale fluid velocity (V F k ) is eliminated from the macroscale mass balance (3.40) . Therefore, the weak form of (3.40) is yielded after substitution of (3.48) into (3.42) and integrating by parts:
The quantity in brackets in the boundary integral is equal to (V
, and so the entire integral can be discarded at an impermeable boundary.
M-term of the mass balance. The surface integral in M can be rewritten as a summation of the fiber velocity multiplied by fiber cross-sectional area (A f ) over the boundary fiber nodes:
where the summation is over all boundary cross-links. Macroscale fluid-phase area. The fluid volume fractions are calculated from the known initial solid volume fraction Θ So and the current volume a of the averaging area:
where a o is the initial volume of the averaging region (RVE). The overall solution strategy is summarized and presented in Figure 3 .3. The macroscale displacement (U S i ) and pressure (P ) are passed to the microscale, and the deformation of the RVE boundary around each Gauss point is determined through the macroscale displacement and the FE basis functions. The force balance among the fibers is coupled with Darcy's law, and the two are solved simultaneously. Consequently, the stress tensor S S ij , the volume fraction Θ F , the drag coefficient matrix K ij , the vector d i , and the parameters Q J and M are calculated and passed to the macroscale. When the microscale problem has been solved at all RVEs of the FE domain, the macroscale mass and stress balance are solved, and the displacement and pressure fields are updated. The algorithm iterates until convergence. 
Applications.
Collagen fibrils are stiff in tension, but they buckle in compression and are much less stiff. In hydrated collagenous networks, while the fibrillar network resists tension, permeation effects due to fluid-solid relative flow contribute additionally during compression. The confined compression experiment is designed to probe these resistances in a biphasic material. A sample is confined on three sides within a rigid nonporous chamber and compressed from the top by a porous piston, permeable only to the fluid [11, 12, 13, 35] . In order to conserve volume during compression, fluid flows relative to the solid exit the chamber via the piston. Thus the resistance during compression arises from the intrinsic compressive resistance of the fluid and solid, as well as from the fluid-solid drag interaction. The confined compression experiment can be performed in the stress-relaxation mode where the piston is compressed at a set strain rate to a set strain and held constant. The compressive force on the piston relaxes at constant strain as the fluid-solid drag contribution from relative flow (driving internal strain redistribution) decreases to zero. In the absence of solid-intrinsic viscoelasticity, the compressive force equilibrates to a value determined by the compressive resistance of the solid only.
We tested our multiscale biphasic model by applying the confined compression test in the stress-relaxation mode and checking for consistent force and pressure profiles. The boundary conditions and compression profile are shown in Figure 4 .1. The sample was compressed to 10% strain. The force profiles from three different compression strain rates, 0.1%/s, 0.2%/s, and 0.4%/s, were compared.
The advantage of any multiscale methodology is the direct representation of the microstructure. In our work, we are interested in changes of the collagen microstructure during deformation. It is typical for collagen fibers to realign in response to strain, a phenomenon that plays a key role in the mechanical response of tissues [36] . To quantify the network alignment, we define the network orientation tensor [7, 28] :
where the summation is over the fibers comprising the RVE, i is the length of the i fiber, and tot is the total fiber length. The angles a and θ are shown in Figure 4 .2. The trace of Ω is always one. For an isotropic network, Ω xx = Ω yy = Ω zz = 1/3, while for aligned networks, the value of the diagonal components is a measure of fiber alignment in the coordinate directions. For the confined compression test, we are interested in changes of fiber alignment along the direction of compression and therefore focus on the Ω xx component of the orientation tensor.
Results.
A three-dimensional C-code was developed for the solution of the mathematical model. To satisfy the Babuska-Brezzi condition, triquadratic basis functions were used for the displacement field and trilinear ones for the pressure. Three Gauss points per coordinate were used for the calculation of the Galerkin integrals, and thus 27 RVEs per FE were constructed. Parallel processing was applied to speed up the solution time according to [26] . The confined compression test is ideally a one-dimensional problem [12] , and thus only one row of FEs along the direction of compression was used. The solution was found to be mesh independent for a row of 20 elements. A nearly isotropic network was generated (Ω xx = 0.387, Ω yy = 0.341, Ω zz = 0.272), and all the RVEs had the same network structure. The initial volume fraction of the solid phase (Θ So ) was set to 0.01 [7] , and in (3.43), the fiber linear modulus (E f ) was set to 100 MPa, the fiber diameter was 100 nm, and the constant B was 1.0, based on our previous work [7, 26, 28] .
The computed results for the ramp test are shown in Figures 5.1 and 5.2. In Figure 5 .1, the total force applied to the piston and the force supported by the solid, collagenous matrix are plotted with respect to time. The difference between the two forces is from fluid pressurization. The difference increases with increasing strain rate, reflecting increased fluid pressurization with increasing strain rate. This result is in agreement with existing ideas that increased compression rate increases the fluidsolid drag due to increased relative flow. Also, due to the increased drag resistance that needs to be overcome, the fluid preferentially leaves from close to the piston rather than uniformly throughout the gels. With increased strain rate the strain inhomogeneity within the gel increases (not shown). No long-term force relaxation due to solid viscoelasticity was observed, and the solid force at equilibrium, independent of strain rate, was measured to be 4.25 N.
The distribution of the pressure along the depth of the chamber at three different times for the compressive and relaxation phase of the confined compression experiment is shown in Figure 5 .2. The computed results for 0.4%/s ( Figure 5.1(c) ) were used. For the compressive phase the pressure profile that corresponds to 1% (t = 2.5 sec), 5% (t = 12.5 sec), and 10% (t = 25.0 sec) strain are shown. As the gel is compressed, the permeation effects cause the pressure to increase within the gel. The initial pressure drop occurs close to the piston as the fluid preferentially leaves from there, and the gel strains are nonuniform. With increasing overall compression, the local solid resistance to compression counters permeation effects, and the pressure drop occurs over a larger region of the gel. During the relaxation phase, the pressure falls rapidly throughout the gel and continues decreasing to zero as the fluid redistributes and the macroscale gel strains become uniform, the equilibrium state for a macroscale homogenous material.
The reorientation of the network in response to compression (for 0.4%/s strain rate) is shown in Figure 5 .3. The change in Ω xx with time for two RVEs is depicted, one taken from the top of the chamber and the second from the bottom. The RVE from the top of the chamber is subject to a larger load (see Figure 5 .1(c)) and reorients more than the RVE from the bottom of the chamber. During the relaxation phase, however, the strains in the tissue equilibrate, and the two curves recombine. The initial and the deformed states at the end of compression and at equilibrium of the top RVE are shown in Figure 5 .4. Even though the whole tissue was compressed to 10%, the top RVE was deformed much more than the macroscale deformation to 20% compression, and only at equilibrium was the RVE deformation the same as the macroscale.
6. Discussion. In this paper we presented the derivation of two-phaseaveraged equations for a dilute hydrated fiber network. The equations were solved using FE analysis and calculating averaged quantities from deterministic micromechanics within representative volumes around Gauss points of integration. The marked departure from other biphasic theories is in the use of a material deforming averaging volume, deterministic solution of the microscale problem, and the use of constitutive behavior only to define microscale fluid and solid dynamics.
The macroscale conservation equations (3.39) and (3.40) appear similar to those in mixture and volume-averaging theory, except for additional terms capturing the correlated variations in microscale fields (stress and velocity) with macroscale displacements. These terms go to zero for a constant averaging volume or for homogeneously distributed microscale fields with low-order dependence on the macroscale field. Moreover, the fluctuation terms can be calculated explicitly from the microstructural information at each averaging volume without resorting to empirical definitions. Though the multiscale formulation is derived for a material with deterministic network micromechanics, the macroscale conservation equations are general and can be applied to any microstructure-based material with the micromechanics suitably modified and in the dilute fluid-interaction regime.
The theory when applied to describe confined compression of collagen gels reproduced the strain-rate dependent behavior observed in poroelastic materials. It was shown that the larger the rate of deformation, the more significant the resistance of the fluid phase to compression becomes, but the equilibrium state of the tissue remains unaffected.
Recent advances in continuum, mixture-theory-based biphasic models have led to more accurate constitutive description of the solid phase [37, 38] , the incorporation of charged molecules that appear in many tissues (e.g., articular cartilage) [38, 39] , and the incorporation of the cells and cell-matrix interactions [7] . These models have been successful not only in predicting the mechanical behavior of tissues in both tension and compression but also in capturing other related phenomena such as strain-induced permeability changes [40] .
The major strength of the presented structural model is the direct representation of the tissue microstructure and the deterministic treatment of microscale material mechanics. Deterministic micromechanics can be relevant for network microstructures of semiflexible filaments with filament length between interconnections on the order of the persistence length [24] , as occurs in collagen gels. In our analysis, we showed the deformation and realignment of the collagen network in response to macroscale strain. We employed a simple structure for the collagen network, where the fibers could rotate freely and only forces along the axis of the fibers could be developed. The micromechanics of collagen networks, however, might be more complex. The presented methodology provides a general theoretical framework for bringing micro-and macroscale phenomena, which can be employed to model networks of any complexity and architecture, provided that their mechanics are well understood.
The model is limited in that it does not account for cells and for other structural units that comprise native tissues (e.g., proteoglycans) [7, 12] . More work is therefore required for the extension of the presented model to incorporate more complex structures. Furthermore, the model is applicable only to dilute systems since a fiber's drag is not affected by the presence of other fibers. The solid volume fraction of collagen gels is usually less than 0.01, which could be considered, as such, a dilute system. In this paper, the theory is validated by reproducing the strain-rate dependent behavior observed in poroelastic materials. The extent of accuracy of the model, however, is something that has to be quantitatively determined. Work is in preparation where permeability calculations are performed in fiber networks similar to those employed in this study [41] . The Stokes equation is rigorously solved with the FE method, and the exact network permeability is calculated and compared to the predictions of the multiscale model. From this analysis, the range of solid volume fractions over which the model is valid will be determined. Also other expressions of the drag on the fiber (equations (3.45)) will be tested.
Another limitation of the model is the computational cost. Given that each RVE consists of approximately 330 fibers, which can be translated to 1,000 degrees of freedom, and that a RVE is constructed around each Gauss point, roughly 27,000 degrees of freedom are associated with each FE. To decrease the solution time and enable the solution of large problems, adaptivity and parallel processing have been applied [42] .
